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ABSTRACT
We present semi-analytical models of galactic outflows in high redshift galaxies driven by
both hot thermal gas and non-thermal cosmic rays. Thermal pressure alone may not sustain a
large scale outflow in low mass galaxies (i.e M ∼ 108 M⊙), in the presence of supernovae
(SNe) feedbackwith largemass loading.We show that inclusion of cosmic ray pressure allows
outflow solutions even in these galaxies. In massive galaxies for the same energy efficiency,
cosmic ray driven winds can propagate to larger distances compared to pure thermally driven
winds. On an average gas in the cosmic ray driven winds has a lower temperature which
could aid detecting it through absorption lines in the spectra of background sources. Using
our constrained semi-analytical models of galaxy formation (that explains the observed UV
luminosity functions of galaxies) we study the influence of cosmic ray driven winds on the
properties of the intergalactic medium (IGM) at different redshifts. In particular, we study the
volume filling factor, average metallicity, cosmic ray and magnetic field energy densities for
models invoking atomic cooled and molecular cooled halos. We show that the cosmic rays in
the IGM could have enough energy that can be transferred to the thermal gas in presence of
magnetic fields to influence the thermal history of the intergalactic medium. The significant
volume filling and resulting strength of IGMmagnetic fields can also account for recent γ-ray
observations of blazars.
Key words: galaxies: formation - evolution - high-redshift -star formation - intergalactic
medium; stars: outflows; magnetic fields; (ISM:) cosmic rays
1 INTRODUCTION
Energy injection by supernova explosions can lead to strong out-
flows from star forming galaxies. These supernovae (SNe) driven
galactic outflows could eject a significant fraction of the in-
terstellar medium (ISM) along with metals into their circum-
galactic medium (CGM) and the general intergalactic medium
(IGM). Feedback due to starburst driven outflows are also in-
voked in galaxy formation models to get correct shape of the
galaxy luminosity functions. It is well demonstrated that a high
fraction (40-60%) of high-z star forming galaxies show signa-
tures of bi-conical outflows in the form of high velocity (i.e. 100-
300 km/s) blue shifted absorption in their spectrum (Martin et al.
2012; Rubin et al. 2014). Further, quasar spectra reveal presence
of metals in the form of absorption by ions like C IV, O VI etc
in the low density intergalactic medium far away from the star
forming galaxies (Songaila & Cowie 1996; Carswell et al. 2002;
Ryan-Weber et al. 2006; Cooksey et al. 2013; D’Odorico et al.
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2013; Muzahid et al. 2012; D’Odorico et al. 2016). Moreover, the
CGM has been mapped out to a projected distance of few 100 kpc
from the host galaxies using galaxy-quasar pairs (see for example
Nielsen et al. 2013). This has revealed the presence of metals in
the cold gas at 104 K (traced by Mg II and/or Ca II) as well as in
highly ionised warm gas (Chen et al. 2010; Prochaska et al. 2011;
Martin et al. 2013; Prochaska et al. 2014) in the CGM. As metals
are only produced in stars, they have to be transported into the gen-
eral IGM or the CGM by large scale galactic outflows.
SNe driven galactic outflows have been extensively studied
using both hydrodynamical simulations (Scannapieco et al. 2005,
2006; Dave´ et al. 2008, 2011; Scannapieco et al. 2012) and semi-
analytical models (Ostriker & McKee 1988; Madau et al. 2001;
Scannapieco et al. 2002; Furlanetto & Loeb 2003; Samui et al.
2008; Sharma & Nath 2013). In a previous paper we studied ther-
mally driven outflows from high redshift galaxies and their global
effects on the IGM, through a semi-analytic model (Samui et al.
2008, hereafter Paper I). Our outflow model was similar to models
of stellar wind blown bubbles (Chevalier & Clegg 1985). Here, the
free wind from a galaxy converts its kinetic energy to thermal en-
ergy through an inner shock and feeds a hot bubble that expands
into the halo medium (or CGM) and subsequently the general IGM
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(see Fig. 1 below for the entire outflow structure). We showed that
outflows can efficiently pollute the CGM and the IGM with metals.
However, their detectability in the form of absorption was not clear
due to the high temperature and low density of the outflowing gas.
Nevertheless, a significant volume of the IGM could be filled with
metals due to outflows dominated by low mass galaxies (with dark
matter halo mass less than 1010 M⊙).
Strong shocks created by exploding SNe also accelerate
highly relativistic charged particles, usually referred to as cosmic
rays (CRs). Cosmic rays gyrate along the magnetic field lines and
transfer energy and momentum to the thermal gas via Alfve´n waves
(Wentzel 1968, 1971; Kulsrud & Pearce 1969; Kulsrud & Cesarsky
1971). In Samui et al. (2010, hereafter Paper II), we explored the
possible influence of cosmic rays generated in the SNe shocks on
free wind solutions assuming a constant rate of star formation. The
addition of energy and momentum due to cosmic rays helps to drive
the free wind at the base of the outflow. It is important especially
in low mass galaxies where the gas could lose its thermal energy
rapidly due to radiative cooling. Further, such cosmic rays can be
reaccelerated at the inner-shock of outflows and add pressure to
the hot bubble that drives an outer shock (see Fig. 1). Also, the
cosmic rays in the hot bubble do not cool radiatively and their pres-
sure decreases less steeply with adiabatic expansion compared to
thermal gas due to the differences in the adiabatic indices. There-
fore, it is important to see how their presence can influence the
outflow dynamics. Moreover, there is an increasing interest in ex-
ploring the consequences of incorporating CRs in simulations of
outflows, which all point to their usefulness in driving outflows
(Salem & Bryan 2014; Girichidis et al. 2016; Pakmor et al. 2016;
Ruszkowski et al. 2017; Pfrommer et al. 2017;and also see the re-
view by Naab & Ostriker 2017, section 3.4 which emphasizes the
role of CRs). Thus incorporating the effect of CRs in our semi-
analytical outflow models to examine their global consequences for
the IGM is also timely.
Further, our cosmic ray free-wind solutions showed that the
mass loading factor ηw, (ratio of mass loss rate due to wind to star
formation rate), goes as v−2c , where vc is the circular velocity of
the halo. This implies a strong negative feedback on star formation
in low mass galaxies (Samui et al. 2010). It is then not obvious that
such a reduced star formation can indeed drive and sustain strong
outflows that go beyond the virial radius in low mass galaxies. Our
earlier thermally driven outflow models (Paper I) also did not take
into account this negative feedback in star formation. Thus, it is im-
portant to revisit outflow models considering not only the effects of
cosmic ray driving but also incorporating the negative feedback on
star formation implied by such outflows. An important ingredient
in outflow models is the star formation rate in a forming galaxy.
In a series of papers (Samui et al. 2007, 2009b,a; Jose et al. 2013;
Samui 2014), we have built up a semi-analytical picture of galaxy
formation which reproduces a variety of observations of the high
redshift universe. These include UV & Lyman-α luminosity func-
tions, clustering of Lyman-break galaxies and Lyman-α emitters,
the correlation between star formation rate, stellar mass and halo
mass of galaxies. In particular, we use here the models of Samui
(2014) which incorporated supernova feedback in determining the
star formation rate in the high redshift galaxies.
There are several additional reasons to study such outflow
models. Note that cosmic rays always remain coupled to magnetic
fields which are themselves coupled to the thermal gas. There-
fore, when winds transport metals into the IGM, they will also
carry along magnetic fields and cosmic rays. Thus outflows spread
magnetic fields that are being generated/amplified in galaxies to
the intergalactic medium. Recent γ-ray observations of distant
blazars have even suggested a lower limit to the magnetic fields
in void regions at a level of 10−16G if correlated on Mpc scale
(Neronov & Vovk 2010). Bertone et al. (2006) have studied possi-
bility of IGMmagnetisation by galactic outflows. It is interesting to
reconsider this issue with our new improved models of outflows and
estimate the strength and volume filling factor of magnetic fields
that can be seeded by these outflows into the IGM.
Further, if sufficient magnetic fields and cosmic rays are
present in the IGM, cosmic rays will still be able to transfer their
residual energy to the thermal gas via Alfve´n waves. Pockets of
over pressured cosmic ray regions can also transfer energy to the
IGM via adiabatic heating as they expand and come into pres-
sure equilibrium with their surroundings. If the remaining cosmic
ray energy (that is after driving the outflows) is comparable to the
thermal energy of the IGM it can potentially influence the ther-
mal history of the IGM. This is interesting as observations have
suggested a rise in IGM temperature at z ∼ 3 from combining
simulations and quasar spectrum (Ricotti et al. 2000; Becker et al.
2011; Boera et al. 2014). Some authors have attributed this to
Helium reionization (Schaye et al. 2000; Furlanetto & Oh 2008;
Bolton et al. 2009). However, cosmic rays could also play an im-
portant role in heating the IGM (Samui et al. 2005), a possibility
that we also explore in this work.
The paper is organised as follows. In section 2, we outline
our outflow models. Magnetic field evolution is described in sec-
tion 3. The characteristics of individual outflows is studied in sec-
tion 4. The global impact of outflows is discussed in section 5. The
implications of such outflows are addressed in section 6. Finally
section 7 presents a discussion of our results and the conclusions.
Through out this work we assume cosmological parameters as sug-
gested by Planck results, namely, a flat ΛCDM cosmology with
ΩΛ = 0.70, Ωb = 0.044, ns = 0.96, H0 = 71 km/s/Mpc and
σ8 = 0.8 (Planck Collaboration et al. 2016a).
2 OUTFLOW DYNAMICS
The structural properties of the outflow remain by and large the
same as in Paper I. However, we improve this model by incorpo-
rating the extra pressure due to the non-thermal cosmic ray par-
ticles in the outflow dynamics. We assume a spherically symmet-
ric thin shell model of outflows from galaxies (Weaver et al. 1977;
Ostriker & McKee 1988). The coherent explosions of SNe in a
galaxy produce a bubble of hot gas that expands and expels gas
from ISM (Sharma et al. 2014). The hot bubble expands as the
‘free wind’ coming from subsequent SNe explosions produces a
shock and converts its kinetic energy to thermal energy. The free
wind consists of thermal as well as non-thermal particles (CRs)
that are produced at the SNe terminal shocks. Such ‘free wind’ so-
lutions with both thermal and cosmic ray components have been in-
vestigated in Paper II (Also see Ipavich 1975; Breitschwerdt et al.
1991). The asymptotic velocity of such a free wind is closely re-
lated to the circular velocity of the halo. If the halo gas is of suffi-
cient density the free wind produces a shock and converts its kinetic
energy to the thermal energy that feeds the hot bubble. We call this
as ‘inner shock’ of the outflow. At this inner shock cosmic rays
can also be accelerated through diffusive shock acceleration mech-
anism with efficiency as high as 50% (Kang & Jones 2003, 2005)
in transferring the kinetic energy of the wind to CR particles. The
thermal pressure of the gas as well as the cosmic ray pressure in the
hot bubble drives an ‘outer shock’ and sweeps up CGM/IGMmate-
c© 2017 RAS, MNRAS 000, 1–16
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Figure 1.Wind profile for thermally and cosmic ray driven winds.
rial. The swept up material by the outer shock remains confined to
a thin shell region and separated from the shocked free wind mate-
rial by contact discontinuity. In fact, self-similar solution of cosmic
ray and thermal gas driven outflow shows that most of the mass of
the hot bubble is also expected to be concentrated at the contact
discontinuity (Bell 2015). See Fig. 1 for the schematic diagram of
our outflow models.
The evolution of such spherically symmetric outflows is gov-
erned by the following equations in the presence of cosmic rays
and the hot gas (cf. Weaver et al. 1977; Ostriker & McKee 1988;
Tegmark et al. 1993),
d2Rs
dt2
=
4πR2s [Pb + Pc − P0]
ms(Rs)
−
m˙s(Rs)
[
R˙s − v0(Rs)
]
ms(Rs)
−GM(Rs)
R2s
, (1)
d
dt
[ms(Rs)] = ǫ4πR
2
sρB(Rs)
[
R˙s − v0(Rs)
]
. (2)
Here, the position of the outer shock is Rs, ms is the gas mass
of the thin shell and Pb and Pc are the thermal and cosmic ray
pressures in the hot bubble. Further, ρB and P0 are respectively the
baryon density and the pressure of the outside medium assuming
virial temperature for halo gas or 104 K for the IGM; v0 is the
ambient velocity field taken from Furlanetto & Loeb (2001).
The first term in the right hand side of Eq. 1 represents the net
pressure i.e. thermal plus cosmic ray pressure minus the outside
pressure, that drives the outer shock. The second term is due to
the mass loading of the shell from the outside medium causing the
deceleration of the shock and we assume a fraction ǫ of all swept
up mass remains in the thin shell (i.e. Eq. 2) and rest is mixed with
the hot bubble due to evaporation/fragmentation (the mass in the
hot bubble is negligible compare to the swept up mass). The 3rd
term in Eq. 1 is the gravitational attraction due to the dark matter
(a NFW profile is assumed with concentration parameter c = 4.8,
Navarro et al. 1997; Madau et al. 2001) as well as baryonic matter
inside the radius Rs. For the initial baryonic density profile inside
the halo we assume a beta model (Makino et al. 1998) and assume
that a fraction, fh = 0.1 of total the total gas remains in the halo.
The thermal pressure Pb can be obtained from the thermal en-
ergy of the bubble, Eb, by
Pb =
Eb
2π(R3s −R31)
, (3)
where we assume that the adiabatic index of the thermal gas γ =
5/3. Here, R1 is the position of the inner shock of the outflow.
Similarly, the non-thermal cosmic ray pressure Pc and the cosmic
ray energy in the bubble, Ec, are related by,
Pc =
Uc
3
=
Ec
4π(R3s −R31)
, (4)
with the assumption that the adiabatic index of the CR compo-
nent γCR = 4/3 (considering them as highly relativistic particles).
Here, Uc is the energy density of the cosmic ray particles. The evo-
lution of the thermal energy of the bubble is given by,
dEb
dt
= L(t)− Λ(t, T, Z)− 4π
[
R2sR˙s −R21R˙1
]
Pb. (5)
The ‘free wind’ carries some fraction of total SNe energy in the
host galaxy which is fed into the bubble as thermal energy, L(t),
at the inner shock. The bubble can lose its thermal energy due to
PdV work as it expands and radiative cooling. For cooling rate
i.e. Λ(t, T, Z), we consider Compton drag against the CMBR,
bremsstrahlung and recombination line cooling that depends on
temperature T and metallicity, Z of the gas. The gas density that
determines the temperature of the hot bubble is taken to be the av-
erage density of the bubble. Note that the bubble is filled by the
gas coming from the free wind and a fraction of the swept up mass.
The free wind mass is higher for low mass galaxies owing to higher
mass loading factor, ηw , that leads to higher radiative cooling of the
bubble. Further, the metallicity of the bubble gas is self-consistently
determined as described in the Appendix A of Paper I.
Similarly, the evolution of the cosmic ray energy in the bubble
is governed by
dEc
dt
= Lc(t)− 4π
[
R2sR˙s −R21R˙1
]
Pc. (6)
Here, Lc is the total energy of the cosmic ray component per unit
time injected into the bubble, at the inner shock. Note we con-
sider, at the inner shock, the cosmic rays are being accelerated
through diffusive shock acceleration with efficiency as high as 50%
(Kang & Jones 2003, 2005) in converting the kinetic energy of the
shock front into cosmic rays. Thus, if initially we have 10% of to-
tal supernova energy available in the free wind, at the inner shock
half of it will be available as thermal energy and rest half will be
converted into cosmic ray energy. It is interesting to note that cos-
mic rays lose energy only due to adiabatic expansion that is solely
determined from the outflow dynamics. But the thermal energy is
lost by additional cooling processes and can be significant fraction
of its initial energy. Thus, in case of only thermally driven wind
one could encounter a situation where the gas has lost most of its
thermal energy, the inner shock catches up with the outer shock
and only the momentum of the free wind drives the outflow. This is
known as ‘momentum driven outflow’ (see Samui et al. 2008, for
evolution of such outflows). However, in the presence of non-zero
cosmic ray energy, we will find that there is always a finite sepa-
ration between the inner and outer shocks and hence the outflow
never transits to the momentum driven case. Further, owing to a
softer equation of state, cosmic rays lose energy slower than the
thermal gas during adiabatic expansion. Hence even when radia-
tive cooling of the bubble gas is efficient, cosmic ray pressure is
important and moreover it dominates the outflow dynamics at the
later stages of its evolution.
c© 2017 RAS, MNRAS 000, 1–16
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Most analytical models of galactic outflows do not consider
the dynamics of the inner shock at R1 (but see Paper I). We fol-
low its dynamics using simply the jump condition across the inner
shock boundary in a two fluid model assuming a strong shock. The
evolution equation for R1 is given by (Chevalier 1983, and Ap-
pendix B)
Pb + Pc =
2
γs + 1
M˙w(te)
4πR2
1
vw
[
vw − R˙1
]2
, (7)
with
2
γs + 1
=
3
(
1 + 2Pc
Pb
)
4 + 7Pc
Pb
. (8)
Here, vw is the asymptotic speed of the free wind material before
it encounters the inner shock and related to the SNe energy by
L0(t) = M˙w(t)v
2
w/2, with the mass outflow rate M˙w(t) is ob-
tained from Eq. A4.
The mechanical luminosity,L(t), and the cosmic ray luminos-
ity at the inner shock, Lc(t), fed into the wind bubble are related
to the SNe explosion energy and hence the star formation rate of
the host galaxy. Our model for calculating this star formation rate
is described in Appendix A. It takes into account the negative feed-
back due to mass loss in the free wind following Samui (2014).
However, we make some modifications that are needed in order to
get a more accurate time resolved star formation rate in the low
mass galaxies. The resulting evolution of the SFR for a few sample
halo masses and collapse redshifts incorporating SNe feedback, are
shown in Fig. A1, where we can see a significant suppression of the
SFR for low mass galaxies. This model of star formation is simi-
lar in philosophy to the ‘bathtub model’ of Dekel et al. (2013) and
Dekel & Mandelker (2014), applied however just after the forma-
tion of a new dark matter halo, either formed by mergers or from a
collapsing density peak. Thus only the first burst of star formation
lasting several halo dynamical time scale is considered. It does not
consider the slow and continuous star formation mode of a galaxy
that arises at a later stage of its evolution due to slow accretion
process. Note that such a slow star formation may not result in an
outflow that escapes the dark matter potential. We will explore such
effects in future, but concentrate for now on the major epoch of star
formation.
The luminosities L(t) and Lc(t) are related to the star forma-
tion rate dM∗/dt by,
L(t) = 1051 ergs× ǫw ν dM∗
dt
(9)
and
Lc(t) = 10
51 ergs× ǫcr ν dM∗
dt
. (10)
Here, we assume that ν number of SNe are formed per unit mass of
star formation and each SNe produces 1051 ergs of energy on an av-
erage. A fraction of that energy, ǫw is channeled into the hot bubble
as thermal energy and a fraction, ǫcr, is transformed in to the cos-
mic ray energy. In our model where the SNe first drives a free wind,
which then flows into the hot bubble through a strong inner shock,
it is this strong shock which reconverts the kinetic energy of the free
wind back into both thermal energy and cosmic rays. Thus, the total
energy efficiency in converting SNe energy to energy available for
driving the outflow is ǫw + ǫcr. For most of our calculations we as-
sume ǫw = 0.05 and ǫcr = 0.05 making total energy efficiency of
0.10. This efficiency is 2-3 times lower than the efficiency that has
been found in numerical simulations (see Mori et al. (2002) where
they obtained 20-30% efficiency) and hence a conservative value.
Further, we assume a Salpeter initial mass function for the distribu-
tion of formed stars in the mass range 1 − 100 M⊙ that results in
one SNe per 50 M⊙ of star formation.
The above equations are simultaneously solved numerically
starting from a set of initial conditions as described in Paper I. We
follow the outflow dynamics till the outflow peculiar velocity de-
creases to the local sound speed in the IGM. At this point we as-
sume that the shock would disappear and the outflowing material
would mix with the IGM and expand with the Hubble flow.
3 MAGNETIC FIELD DYNAMICS
It is important to explore the magnetisation of the IGM by outflows.
We have already mentioned that the magnetic fields play an impor-
tant role in its interaction with cosmic rays and hence probably in
the thermal history of the universe. Galactic outflows are potential
candidates to magnetise the IGM. Here, we wish to get a conser-
vative estimate of the strength of the IGM magnetic fields resulting
from our outflow models. For simplicity, we treat evolution of mag-
netic fields separately and do not consider any dynamical effects of
magnetic fields on the evolution of the outflow. Note that, adding
the dynamical effect of magnetic fields can further aid in driving
outflows. However, we have adopted a more conservative approach
in present work as the magnetic pressure is always significantly
subdominant to the CR pressure.
We assume that micro-Gauss level magnetic fields are present
in the ISM of the high redshift protogalaxies when outflows be-
gin. These fields themselves would be generated by turbulent dy-
namo processes in the galaxy (Brandenburg & Subramanian 2005;
Kulsrud & Zweibel 2008; Ruzmaikin et al. 1988; Rodrigues et al.
2015). The ionised plasma in the wind would be coupled with this
magnetic field and transport the magnetic flux out of the galaxy
with the outflowing material. In order to calculate the strength of
magnetic fields that can be deposited in the IGM via this process
we follow Bertone et al. (2006) where they considered magnetising
the IGM by thermally driven winds.
There are two possible scenarios in the co-evolution of mag-
netic fields and outflows. In the first case that we refer as ‘conser-
vative’ model, the magnetic fields from galaxies are injected into
the outflowing material and just get diluted as they expand with the
outflow, obeying the magnetic flux freezing condition. The evolu-
tion of magnetic fields in such models is governed by following
equation (Bertone et al. 2006),
dEB
dt
= E˙Bin −
1
3
V˙w
Vw
EB. (11)
Here,EB is the total magnetic energy in the wind bubble; Vw is the
volume of the wind bubble. Further, E˙Bin is the magnetic energy
injection rate in the bubble from the galaxy and we take
E˙Bin = ǫBin
M˙w
ρ¯in
= ǫBin4πR
2
1vw (12)
with the density of the free wind material is given by
ρ¯in =
M˙w
4πR2
1
vw
and the magnetic energy density that is injected in the wind bubble
is
ǫBin =
B2
8π
(
ρ¯in
ρ¯ISM
)4/3
. (13)
c© 2017 RAS, MNRAS 000, 1–16
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B is the magnetic field inside the star forming galaxy. The value
of B ranges from ∼ 10 − 20µG in nearby spirals to values of
B ∼ 50− 100µG in nearby starburst galaxies and in barred galax-
ies (see Beck 2016, for a review and references). There is also tenta-
tive evidence from high-z Mg II system that z ∼ 1 galaxies are al-
ready magnetized to current levels (Bernet et al. 2008; Farnes et al.
2014). Thus it seems reasonable to adopt B ∼ 10 − 20µG for the
galaxies at high redshift which are driving outflows. Further, ρISM
is the density of the ISM gas taken as 1000 times the average bary-
onic density of the halo.
In the above ‘conservative’ case we ignore the possible am-
plification of magnetic fields inside the outflow and thus we get the
minimum possible value of magnetic fields that can be inputted into
the IGMvia outflows. In a more optimistic model B we take into ac-
count possible amplification of magnetic fields in the wind plasma
due to shear flow and turbulence of the wind material. The charac-
teristic time scale for this process is roughly given by (Bertone et al.
2006),
τ−1eff = fs
R˙s −H(t)Rs
Rs
= fs
(
R˙s
Rs
−H(t)
)
(14)
withH(t) is the Hubble parameter. Here, R˙s −H(t)Rs is the pe-
culiar velocity of the outflow with respect to Hubble flow and di-
viding it by Rs gives a measure of the velocity shearing rate in the
outflowing material. Such a velocity could reflect itself in turbu-
lence, which amplifies the field, due to a small-scale turbulent dy-
namo, on the turbulent eddy turn over timescales (Kazantsev 1967;
Brandenburg & Subramanian 2005; Bhat & Subramanian 2015). In
such a dynamo the smallest eddy which has a magnetic Reynolds
number above a critical value decides the rate of initial amplifica-
tion. The fudge factor fs > 1 gives how much faster such an ampli-
fication occurs with respect to the shear time-scale. It will depend
on the poorly known properties of the turbulence in the hot bubble
and could be much greater than unity, if the smallest super criti-
cal eddy is much smaller than the bubble size. We assume fs ∼ 1
as a conservative estimate below. Including this amplification, the
change in magnetic energy can be calculated from
dEB
dt
= E˙Bin +
(
1
τeff
− 1
3
V˙w
Vw
)
EB (15)
which for Rs ≫ R1, can be simplified to
dEB
dt
= E˙Bin −H(t)EB. (16)
This would provide us a more optimistic value of the magnetic
fields with which IGM can be seeded via outflows.
4 STRUCTURAL CHARACTERISTICS OF OUTFLOWS
Having set up the machinery for the evolution of outflows from star
forming galaxies, driven by the thermal and non-thermal pressures
and the spreading of magnetic fields and cosmic rays via such out-
flows, we present here some important characteristics of individual
outflows resulting from our numerical calculations. We first focus
on two representative masses of host galaxies in order to show the
general trends in our models.
4.1 Outflow from dwarf galaxies
We begin with the study of outflows from a host galaxy of total
mass M = 108 M⊙ that has collapsed at zc = 10. The star for-
mation history of such galaxies is shown by the solid red curve in
Fig A1. As we can see from this figure, in such small mass galaxies,
due to strong negative SNe feedback or a large ηw, star formation
completely stops after 107 yrs. Hence, it is essential to investigate
whether such strongly suppressed and brief duration of star forma-
tion can at all produce enough SNe energy to drive a galactic scale
outflow from the galaxy. The important characteristics of the out-
flow originating from this particular galaxy are shown in Fig. 2.
Indeed we see in Fig. 2 that a galactic scale outflow has resulted
from such galaxy.
It is clear from panel (a) of Fig. 2, where we plot the location
of inner and outer shocks as a function of time, that the outflow
crosses the virial radius of the halo at ∼ 3 × 107 yrs, goes far be-
yond the virial radius (shown by horizontal line) before it mixes
with the IGM. The final physical radius of the outflow is 20 kpc
before it is frozen into the Hubble flow after ∼ 3 × 108 yrs from
the collapse of the halo (as indicated by the vertical lines in pan-
els (a) and (b) of Fig. 2). Note that the halo has a virial radius of
1.4 kpc. Therefore, the outflow originating from the host galaxy
is able to pollute IGM with metals, magnetic fields and CRs upto
∼ 15 times of its virial radius. The outflow achieves a maximum
speed of 110 km/s just after crossing the virial radius of the halo
(panel (b) and (d) of Fig. 2). The sudden increase in the velocity af-
ter crossing the virial radius is due to rapid change in the assumed
gas density profile outside the halo.
It is interesting to note that even though star formation ceased
after few times 107 yrs the inner shock still persists upto a time
∼ 5 × 107 yrs (panels (a) and (c)). This is due to the fact that it
takes a finite time for the effects of energy release by SNe to be
felt at the inner shock. The inner shock starts from the centre of
the galaxy (our initial condition), rapidly goes closer to the outer
shock reaching to a maximum of 0.65Rs . Thus, it never comes
very close to the thin shell and the outflow never transits to a mo-
mentum driven stage. It can be seen from panel (f) of Fig. 2 that
the temperature of the bubble is always less than 104 K. So in the
absence of CRs, the thermal pressure alone would not have sus-
tained the bubble region leading to a direct momentum impact of
the free wind to the thin shell. However, in presence of cosmic ray
pressure this never happens. At a very initial stage of the flow the
thermal pressure and cosmic ray pressure were comparable to each
other. But soon the gas loses its thermal energy by radiative cooling
due to higher density of the wind material. At this point, the comic
ray pressure becomes an order of magnitude higher than the ther-
mal pressure even if initially they were of same order (see panel (e)
of Fig. 2). This extra cosmic ray pressure completely governs the
further evolution of the outflow keeping it always like an ‘energy
driven flow’.
We now turn to the spreading of metals and magnetic fields by
the outflow. Panel (g) of Fig. 2 shows the magnetic field strength
in the outflowing gas, as a function of the outflow radius. Here, we
have used the ‘conservative’ model for the magnetic fields evolu-
tion, and assumed B ∼ 10µG in the galaxy. By the time outflow
reaches the virial radius, the average strength of the magnetic fields
is ∼ 0.02 µG. It reduces farther reaching to a value of 0.4 nano
Gauss when the outflow mixes with the IGM. This field strength
could be even larger if we take larger B for the galactic field as
would be appropriate for a star bursting galaxy. Note that the ‘opti-
mistic’ model would predict an order of magnitude higher mag-
netic field strength. The implications of such fields will be dis-
cussed in Sec 6.2 and 6.3. The amount of metals carried by the
wind material from the ISM to the bubble increases with time and
hence it increases the metallicity of the bubble gas. We see from
c© 2017 RAS, MNRAS 000, 1–16
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Figure 2. The characteristics of an outflow originating from a galaxy with total massM = 108M⊙ that has collapsed at zc = 10. We show in panel (a) the
position of inner (R1) and outer shocks (Rs) as a function of time. In panels (b) and (d) we have shown the velocity of the outer shock as a function of time
and its position (Rs) respectively. Panel (c) shows the ratio between the positions of inner and outer shocks as a function of Rs. The thermal and cosmic ray
pressures as a function of Rs are plotted in panel (e) with solid and dashed lines respectively. The evolution of the temperature and the metallicity of the hot
bubble gas are shown in panels (f) and (h) respectively. In panel (g), the evolution of the magnetic field in the outflowing gas for our conservative model is
plotted as a function of the outer shock position. The horizontal dotted line in panel (a) and vertical dotted lines in panels (c) to (h) mark the position of virial
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Figure 3. Same as Fig. 2 but for a halo of massM = 1011 M⊙ and collapse redshift zc = 4.
panel (h) that by this outflow we can pollute IGM with a metallic-
ity of Z ∼ 0.001 Z⊙.
In a nutshell, the star formation and resulting SNe explosions
in a 108 M⊙ halo can produce a galactic scale outflow of ‘cold’ gas,
mostly driven by the cosmic ray pressure and can pollute a spherical
region of radius 20 kpc (i.e. ∼ 15 times the virial radius) with
metals (metallicity of the polluted region is typically∼ 0.001 Z⊙),
cosmic rays and magnetic fields with of order a nano Gauss strength
when it mixes with the IGM.
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4.2 Outflow characteristic of a galactic scale halo
We now consider the outflow from a more massive halo with mass
M = 1011 M⊙ and collapse redshift of zc = 4. The outflow prop-
erties are shown in Fig. 3. We choose such an example as we will
show later that these halos contribute most to the global volume fill-
ing of the wind material today. The basic picture remains the same
as its low mass counterpart. However, there are certain differences.
Owing to its higher star formation rate, the outflow from the halo
extends to more than a Mpc from the centre of the galaxy before
freezing into the Hubble flow (panel (a)). It achieves a maximum
velocity of 340 km/s while crossing the virial radius of the halo
(panel (b) and (d)). The outflow remains ‘energy driven’ through
out its lifetime; the inner shock never catches up the outer shock as
can be seen in panels (a) and (c) of Fig. 3.
The most striking difference between outflows from high and
low mass galaxies is in the temperature evolution. In the low mass
galaxy the outflowing material is cold. But in the high mass galaxy
the density of hot bubble is low due to smaller ηw making the ra-
diative cooling less efficient. Thus as can be seen in panel (f) of
Fig. 3, the temperature of the hot gas is more than 106 K when the
outflow starts. It decreases afterwards, but never becomes less than
104 K when the outflow is in active stage. Further, the thermal and
cosmic ray pressures remains comparable to each other through out
the life time of the outflow (panel (e)). It is interesting to understand
the evolution of both the pressures. Initially, the thermal pressure is
higher than the cosmic ray pressure. However, after some time the
cosmic ray pressure becomes higher. Such a feature arises due to
different adiabatic indices for thermal gas and relativistic cosmic
ray component causing pressure of the non-thermal component to
decrease more slowly under adiabatic expansion (see Eqs. 3 and 4).
As can be seen from panel (h) of Figs. 2 & 3, 1011 M⊙ halo
spreads the metals over large distances and the resulting gas phase
metallicity in the polluted region can be two orders of magnitude
higher than that of a 108 M⊙ galaxy. The large galaxy produce
more metals through SNe and thus eject more via outflow. On the
other hand, they both magnetise the IGM with similar magnetic
field strength but over different volumes. Thus outflows from mas-
sive galaxies pollute a fairly large volume of IGM with hot gas
having higher metallicity. But they contribute in a similar fashion
in magnetising the IGM. This may change if we consider a halo
mass (or SFR) dependence in B of Eq. 13.
Further, note that in panel (g) of Figs. 2 and 3, the evolution of
the magnetic fields has been obtained for our ‘conservative’ mod-
els. The more ‘optimistic’ model B produces an order of magnitude
higher magnetic field in the IGM. We will discuss its implication
on the thermal history of IGM in section 6.2.
4.3 Comparison with Previous models
In this section we compare both cosmic ray and thermally driven
outflows with models of Paper I that considered only the thermally
driven outflows and a fixed mass loading factor ηw = 0.3. As al-
ready mentioned, there are several improvements in present models
compared to the model presented in Paper I. Firstly, the prescription
for the star formation now takes into account the negative feedback
arising from the SNe driven winds. Secondly, we also take into ac-
count the increased mass loading factor ηw = (vc/v
∗
c )
−2 in small
galaxies in the outflow dynamics as adopted in our star formation
model. Finally, the winds are now driven by both thermal and cos-
mic ray pressures. As described before, the first two effects have
opposite influence on the wind dynamics compared to the last one.
In this section we compare different models in more detail.
In Fig. 4, we show the properties of thermally driven outflows
with models discussed in Paper I by blue long dashed curves. The
corresponding curves for models that includes SNe feedback, the
increased mass loading but no effect of cosmic rays, are given
in short dashed dark-green lines. In both the cases, we assume
ǫw = 0.1 and ǫcr = 0. The effect of the SNe feedback, increased
mass loading, but now including the cosmic rays in the outflow dy-
namics keeping the total efficiency the same (i.e. ǫw + ǫcr = 0.1),
is shown as red solid lines. The bottom panels consider outflow
from a 108 M⊙ galaxy while the top panels are for 10
11 M⊙ halo.
It is clear from the figure that the outflow escapes the low mass
galaxy for the constant ηw model of Paper I. However, including
supernova feedback in star formation and increased ηw prevent the
outflow from taking off in such galaxies. This is reflected by the
fact that the green short dashed curves are hardly noticeable in the
first two columns of bottom panels of Fig. 4. This is because of
(i) the reduction in the star formation (especially due to the larger
ηw in dwarf galaxies) and (ii) increase in the mass loading that
leads to higher density and hence rapid cooling of the hot bubble
gas. It is also evident from the figure that one can have outflows
in such halos when we include the cosmic rays in the outflow dy-
namics (solid red curves) keeping the total energy efficiency the
same. Thus we conclude that the presence of CRs enables outflows
even in small mass galaxies with a large mass loading. Further, the
outflowing gas will have low temperature due to efficient radiative
cooling (temperature is < 104 K as can be seen in the left bottom
panel of Fig. 4).
For large galaxies withM = 1011 M⊙, outflows do escape the
dark matter potential in all three cases as described above. How-
ever, the cosmic ray driven outflows with same energy efficiency
reaches much larger distance (see top panels of Fig. 4). This is be-
cause the cosmic ray pressure drops slower with radius than the
thermal pressure due to a different adiabatic index. Thus cosmic
ray pressure is able to push the outflowing gas further away com-
pared to the one driven by thermally driven outflows. This can be
seen from the velocity profile as plotted in the top middle panel of
Fig. 4. Further, the temperature of the bubble gas is also lower by an
order of magnitude in case of cosmic ray driven outflows making it
more plausible for detection of metals.
5 GLOBAL INFLUENCES OF OUTFLOWS
In previous section we have investigated several key characteristics
of outflows originating from the high redshift star forming galaxies.
Here we show the global impact of outflows on the IGM at different
redshifts. The most interesting physical quantity is the total volume
of the universe/IGM that is affected/polluted by these outflows. In
this respect we define volume filling factor as F = 1−exp[−Q(z)]
with porosity Q is defined as
Q(z) =
∞∫
Mlow
dM
∞∫
z
dz′
d2N(M, z, z′)
dz′dM
4
3
π [RS(1 + z)]
3 . (17)
Here, d2N(M, z, z′)/dz′dM is the comoving number density of
dark matter halos having mass between M and M + dM that are
formed in redshifts range zc and zc+dzc and surviving till redshift
z without being merged with other halo. We use the modified Press-
Schechter (PS) formalism of Sasaki (1994) to calculate this number
density. In particular, it is obtained from (Chiu & Ostriker 2000;
c© 2017 RAS, MNRAS 000, 1–16
8 Samui, Subramanian & Srianand
 50
 100
 150
 200
 250
107 108 109
R
s 
(kp
c)
Time (Yr)
108 M
⊙
Feedback+Th+CR
Paper I
Feedback + Th
 0
 50
 100
 150
107 108 109
V
el
ci
ty
 (k
m/
s)
Time (Yr)
108 M
⊙
103
104
105
106
107 108 109
Te
m
pe
ra
tu
re
 (K
)
Time (Yr)
108 M
⊙
 10
 100
 1000
107 108 109
R
s 
(kp
c)
1011 M
⊙
 0
 100
 200
 300
 400
107 108 109
V
el
ci
ty
 (k
m/
s)
1011 M
⊙
104
105
106
107 108 109
Te
m
pe
ra
tu
re
 (K
)
1011 M
⊙
Figure 4. Comparison of old models of Paper I with new models for galaxies with masses 108 M⊙ (bottom panels) and 10
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Choudhury & Srianand 2002; Samui et al. 2007)
d2N(M, z, z′)
dz′dM
dM dz′ = NM (z
′)
(
δc
D(z′)σ(M)
)2
D˙(z′)
D(z′)
× D(z
′)
D(z)
dz′
H(z′)(1 + z′)
dM. (18)
Here, NM (z
′)dM is the Press-Schechter mass function
(Press & Schechter 1974), δc = 1.686 is the critical over
density for collapse, H(z) is the Hubble parameter, D(z) the
growth factor for linear perturbations and σ(M) the rms mass
fluctuation at a mass scaleM .
Note that Eq. 18 does not take into account the survival of the
hot bubble when two halos merge to form a bigger halo and thus us-
ing it in Eq. 17 would provide a lower limit onQ or F . On the other
hand if we use simple derivative of any mass function as the forma-
tion rate of halos and use it as d2N(M, z′)/dz′dM , we would get
an upper limit on the F or Q as we do not consider the merging of
outflows. To explore this we use derivative of Sheth-Tormen mass
function (Sheth & Tormen 1999) to calculate the formation rate of
halos and hence the volume filling factor and associated properties
of outflows.
The lower mass limit (Mlow) in Eq. (17) is determined from
the physical conditions required to host star formation. Before
reionisation, gas inside a dark matter halo can cool via atomic
hydrogen if virial temperature (Tvir) of the halo is greater than
104 K. In the presence of molecular hydrogen, a halo with virial
temperature as low as 300 K can cool and host star formation
(Tegmark et al. 1997; Haiman et al. 2000). In what follows we con-
sider two models: (i) atomic cooled models where we assumeMlow
corresponds to Tvir = 10
4 K and (ii) molecular cooled models
where we takeMlow corresponds to Tvir = 300 K. Further, in the
ionised regions of the universe due to radiative feedback, a halo
can host star formation only if its circular velocity is more than
about 35 km/s due to increase of Jeans mass (see Bromm & Loeb
2002; Samui et al. 2008; Jose et al. 2014, for details of radiative
feedback). Thus in order to know whether a halo can host star for-
mation or not we need to follow the reionisation history of the
universe self-consistently. We follow Samui et al. (2007) in order
to calculate the ionisation state of the universe. At this point we
wish to note that all our self-consistent reionisation models are
compatible with available observations, namely reionization red-
shift zre & 6 and the resulting electron scattering optical depth is
within τe = 0.058 ± 0.012 (Planck Collaboration et al. 2016b).
Further for any physical quantity related to outflows, we cal-
culate porosity weighted average as
〈X〉 = Q−1
∞∫
Mlow
dM
∞∫
z
dz′
d2N(M, z, z′)
dz′ dM
×
4
3
π [RS(1 + z)]
3X, (19)
X being the physical quantity. If one does not include Q−1 factor
it would correspond to the mean value of X in the IGM.
5.1 Atomic cooling models
We start by showing results for our ‘atomic cooled’ models with
Press-Schechter mass function. In Fig. 5 we show various physi-
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Figure 5. Global properties of outflows resulted from atomic cooling model (solid lines) and molecular cooling models (dashed lines). We show volume
filling factor F in panel (a). The porosity weighted average halo mass (in unit of M⊙), outflow radius (Rs in kpc), peculiar velocity (vp in km/s) and bubble
gas temperature (Tb in K) are shown in panels (b), (c), (d) and (e) respectively. In panel (f) we have compared the average number density per cc of the gas
inside the bubble with the IGM number density density at that redshift (dotted curve). The amount of metals (in unit of Z⊙) and magnetic fields in conservative
models (B in Gauss) that can be put in the IGM are shown in panel (g) and (h) respectively. Result for the optimistic models with molecular cooled halos is
shown by dotted line in panel (h). Finally in panel (i) we show the excess cosmic ray energy density (Ucr in eV/cm
3).
cal quantities related to outflows as a function of redshift by solid
curves. In panel (a) we show the most relevant quantity, the vol-
ume filling factor F of the bubbles. Initially at z = 10 the filling
factor is small ∼ 0.01, gradually increases to 0.26 at z = 3 and
finally reaches to 0.6 by z = 0. Thus a minimum 60% of the uni-
verse can be filled with outflows from atomic cooled halos by today.
The average halo mass contributing to the volume filling is plotted
in panel (b). Above z = 6 the average mass of haloes contribut-
ing most in volume filling is ∼ 108 M⊙. During this period the
average bubble radius is 100 kpc (panel (c)). At later times both
the average mass and bubble size increase slowly due to two rea-
sons. Firstly, the number of higher mass galaxies are increasing in
a hierarchical structure formation scenario. Secondly, the existing
outflows are getting more time to grow in size. At z = 0, massive
galaxies with average mass ∼ 1011 M⊙ having outflows of Mpc
scale are responsible for polluting the IGM.
The porosity weighted peculiar velocity at different redshift is
plotted in panel (d) of Fig. 5. Initially, most of outflows are in the
early active stage having higher individual outflow velocity; thus
the average peculiar velocity is also as high as 50 km/s. However,
the outflows are coming from small mass galaxies. Hence they have
a lower average temperature of 103 K (see panel (e)). As the time
passes, these outflows grow older and their speed reduces. But as
newmassive galaxies started collapsing, the peculiar velocity raises
to 55 km/s at z = 2. The average temperature of the bubble also
shows a peak of 105 K at the same time. The average density of the
bubble is shown in panel (f) by the solid curve and most of the time
it stays bellow the average IGM density (shown by the dashed line)
at that redshift. This is expected as the hot bubble sweeps up the
IGM into a shell creating a low density, high temperature regions.
In passing we note that several porosity weighted average
physical quantities do not show monotonic behaviour with redshift
such as porosity weighted peculiar velocity and radius of outflows.
A number of counter veiling effects are responsible for such non-
monotonic behaviour of the porosity weighted peculiar velocity
(vp). Although the characteristic mass of collapsing halos increases
monotonically with decreasing redshift, the corresponding stellar to
halo mass ratio is not monotonic with mass because of the reion-
ization, supernovae and AGN feedbacks. Also as outflows expand,
their velocity decreases, which is reflected by corresponding de-
crease in porosity weighted vp for z > 6. Then after reionization,
small mass halos lose their importance, more and more massive
galaxies with younger outflows start to dominate and increase the
average peculiar velocity till z ∼ 2. After this star formation from
c© 2017 RAS, MNRAS 000, 1–16
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very massive galaxies is being suppressed due to AGN feedback,
while outflows from normal galaxies are becoming older, and the
weighted vp decreases again.
One of the reasons for studying outflows is to understand how
efficiently they can pollute IGM with heavier elements, magnetic
fields and CRs. The metallicity and magnetic field evolution of the
IGM are shown in the panels (g) and (h) of Fig. 5, respectively. As
expected the IGMmetallicity level increases with time as more and
more SNe explode and resulting metals are put into the IGM via
outflows. Finally, the metallicity of the IGM that can be reached
by today is ∼ 10−2 Z⊙ (panel (g)). Note that these metals are dis-
tributed in 60% volume of the universe. In the same volume, the
average magnetic field strength that can be seeded by outflows is
0.4 − 4 nano Gauss at z = 0 − 3, for an assumed B ∼ 20µG in
galaxies, for our conservative model. Models with optimistic mag-
netic fields evolution predict, 〈B〉 ∼ 2−20 nano Gauss, or an order
of magnitude higher magnetic fields seeded by this mechanism, as
can be seen from the short dashed line of panel (h) in Fig. 5.
Finally, it is interesting to investigate the magnitude of the
porosity weighted cosmic ray energy density that is still remaining
in the plasma. We show this in panel (i) of Fig. 5. Before, z = 6
the remaining CR energy density is as greater than 10−3 eV cm−3.
However, only 10% of the universe is filled with these cosmic rays.
Even at low redshift the energy density of cosmic rays does not re-
duce much. At z = 3 (1) the excess energy density of in the cosmic
rays is 5× 10−4 eV cm−3 (10−4 eV cm−3) in 26% (55%) volume
of the universe. We will discuss this further in the following section
and compare this energy density with the thermal energy density of
the IGM.
We note that there is not much qualitative change in the glob-
ally averaged physical properties associated between our current
model, where outflows are driven by both thermal and cosmic
ray pressure, compared the models of Paper I, where we consid-
ered outflows to be only thermally driven. The crucial difference
however, is that the current models have taken into account also
the negative feedback on star formation due to SNe driven mass
loss. One property which does change is the overall volume fill-
ing factor, which is smaller in the current models, compared to
Paper I, because of the overall reduction in star formation due to
SNe feedback. Further, the average temperature of the outflows has
reduced dramatically, due to enhanced mass loading in the hot bub-
ble, which will help in the detectability of the heavier elements in
the quasar absorption spectrum.
5.2 Molecular cooled models
We now turn to the ‘molecular cooled’ models. As discussed in
Paper I outflows from atomic cooled halos can potentially disturb
Lyman-α forest due to their large peculiar velocity and higher tem-
perature and we showed that molecular cooled halos provide a
respite from this by filling the IGM at very early epoch with smaller
outflows. Note that, in such small mass galaxies the mass loading
factor ηw is so high that the star formation ceases with the onset
of supernova explosion, after tSNe ∼ 3 × 107 yr. Within that pe-
riod we find that in such galaxies the fraction of baryonic mass
turned into stars (i.e. M∗/Mb) is of order 0.05 at z = 10. Thus
only about 5% of the baryons is converted to stars in such molecu-
lar cooled galaxies at high-z. Nevertheless, this does have a signifi-
cant effect on the volume filling at high redshift. In Fig. 5 we show
the global properties of outflows for such models with long dashed
lines. As expected, in these models outflows volume filled quite
early; at z = 8, more than 75% of the IGM is filled by the wind
material and hence with metals, cosmic rays and magnetic fields.
The contribution comes mostly from galaxies of masses 107 M⊙
or less with average bubble size less than 30 kpc (see panels (b)
and (c)). Upto z = 3 the average peculiar velocity of the out-
flowing material is less than 20 km/s with average outflowing gas
temperature less than 104 K. Thus, cold gas from the small mass
molecular cooled halos dominates the volume filling of the IGM
and is expected not to disturb the Lyman-α forest. Note our results
for molecular cooled halos will depend very much on the assumed
value of M∗/Mb. This quantity is poorly constrained for such ha-
los and some models suggest that it could be much less than what
we assume here (Visbal et al. 2017). Understanding star formation
efficiency in such low mass galaxies at early epoch is essential to
accurately model their effect on global properties.
The other physical quantities such as gas density of bubbles,
amount of metals and magnetic fields put in the IGM remain sim-
ilar (panels (f), (g) and (h) of Fig. 5 respectively) in both molec-
ular cooled and atomic cooled models. Note that in Fig. 5 we
have shown the possible magnetisation of the IGM with our op-
timistic models as well and that resulted one order of magnitude
higher value compared to conservative model. The excess porosity
weighted cosmic ray energy density remains one order of magni-
tude smaller in case of molecular cooled models for z & 6. After
that the difference between atomic and molecular cooled models
decreases and finally by z . 2 they become equal.
5.3 Effect of mass function and formation rates
Here, we show effects of different halo mass functions on global
properties of outflows. In Fig. 6 we compare the porosity and the
volume filling factor as obtained from using Sheth-Tormen (ST)
mass function with that of Press-Schechter (PS) mass function.
From the figure it is clear that the Sheth-Tormen mass function pre-
dicts a much larger volume filling of the universe. For example in
atomic cooled models at z = 3, the ST mass function predicts 60%
volume of the universe is filled with outflows (red dotted-dashed
curve) compared to 35% with PS mass function (solid blue curve).
Similarly for molecular cooled models at z = 3, the volume filling
factors are F = 0.65 and 0.41 for ST and PS mass function re-
spectively. Note that other physical properties do not change much
when using different prescription for the halo formation rate.
It is interesting to note that when we use the Sasaki formal-
ism to calculate the formation rate of halos and include molecular
cooled halos, the porosity decreases at z ∼ 6 before increasing
again at z ∼ 2. In the Sasaki formalism, one has a survival proba-
bility for a halo collapsing at redshift zc to survive till a later red-
shift z (Sasaki 1994). However when a halo is destroyed by merg-
ing to form a bigger halo, its outflow will survive, if it has gone
far beyond the virial radius. Such outflows are not easy to take into
account in a semi-analytical model such as ours, and we have ne-
glected their contribution to the porosity. This can lead to a decrease
in the volume filling factor. This effect is important when one cal-
culates the volume filling factor of outflows from molecular cooled
halos which collapse at high-z, before reionization. On the other
hand, models considering derivative of any mass function would
over estimate the volume filling factor by considering outflows sep-
arately from halos after and before merging (Samui et al. 2009a).
Thus calculations which employ the formation rate using the Press-
Schechter-Sasaki formalism and Sheth-Tormen-derivative bracket
the expected behavior of volume filing factor, which is why we
have considered both of them in the present work. Further, in
Samui et al. (2009a) we have tested the sensitivity of the porosity
c© 2017 RAS, MNRAS 000, 1–16
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Figure 6. Comparison of volume filling factor (top panel) and porosity (bot-
tom panel) as expected from different mass functions. Solid blue line and
red dotted-dashed line show the filling factor predicted by atomic cooled
models with PS and ST mass functions respectively. For molecular cooled
models the comparison is shown by green dashed (PS) and magenta dotted
(ST) lines.
not only for various mass functions but also to different prescrip-
tions for the formation rate of halos. It was shown that the filling
factor as well as other physical quantities were reasonably insensi-
tive to changes in the mass function.
Thus we conclude that outflows can significantly volume fill
the universe with metals, magnetic fields and cosmic rays. In pass-
ing we note that Bertone et al. (2006) also got similar magnetic
field strength of 10−8 − 10−12 Gauss in the IGM. However, their
outflows never volume filled the universe as their simulation did
not include small mass galaxies.
6 IMPLICATIONS OF OUTFLOWMODELS
The outflowmodels discussed here has a number of interesting con-
sequences, which we discuss below.
6.1 Detectability of metals
In Paper I, we discussed the detectability of low density high tem-
perature outflowing material in the presence of meta-galactic UV
background through O VI and C IV absorption lines (see section 7
of Paper I). In particular, we focused on absorption signatures that
could arise from (i) the free wind, (ii) hot bubble and (iii) gas in
the shell. The main difference in our current work is that, in the
case of low mass halos the mass loading is higher and in the case of
high mass halos the bubble temperature is lower when we include
the CRs. Moreover, we are also considering magnetised outflowing
material in the current work. Here we discuss the possible conse-
quences without going into detailed radiative transport modelling.
In Paper I, it was suggested that the low ion absorption seen
through Mg II, Na I and Ca II transitions can not be produced in
the free winds and could originate from multiphase structure likely
to form inside the outflow due to (i) cold gas ejected from the
galaxy along with the free wind, (ii) dense cloud formed from the
Rayleigh-Taylor instability of the swept up shell or (iii) cold gas
clumps formed due to cooling instabilities etc.
We first ask, can the free wind driven by CR discussed here be
detected in Mg II absorption. In Fig.7 we show the total integrated
hydrogen column density produced by the free wind as a function
of time for a halo of mass 1011 M⊙. The integrated column density
of total hydrogen inferred is very similar to what we had for models
discussed in Paper I. All the discussions presented there is applica-
ble here as well. In particular, to produce low ion absorption lines,
we need multiphase structure with cold clumps originating from
the above mentioned possibilities in addition to the flow structure
discussed in this work.
Next we consider the survivability of such cold clouds in the
outflow. As discussed in Paper I, the evaporation time-scale goes
as T−5/2. As can be seen in Fig. 4, the bubble temperature in
our present models are typically factor 4 times smaller than for
models considered in Paper I. This alone makes the evaporation
time-scale ∼ 32 times longer than what we inferred for the pure
thermally driven model without any feedback. Even when we con-
sider the SNe feedback inclusion of CRs increases the evaporation
time-scale by a factor 5. This suggests that survival of cold dense
clumps in the outflow can be relatively easier in our models with
CR driven flows. Further, in a magnetised outflow, magnetic fields
can drape themselves around a gas cloud, and reduce evaporation
of gas across the field even further.
6.2 Thermal history of the IGM
We now explore the possible implications of the excess cosmic ray
energy from outflows to the thermal history of the IGM. As noted
earlier, observations of absorption lines in high redshift quasar
spectra reveal that the temperature of the IGM at z = 2 − 3 is
few times 104 K (Becker et al. 2011). This temperature is measured
in the mildly overdense regions of the IGM with overdensity less
than 10 as probed by the Lyman-α forest. It is believed that the
IGM temperature keeps some memory of the reionisation process
at high-z. At the end of the hydrogen reionisation the temperature
of the IGM is set to 1−3×104 K (Schaye et al. 2000; Ricotti et al.
2000) due to photoionisation heating. In absence of any other heat-
ing mechanism after reionisation, the IGM temperature should drop
adiabatically with the expansion of the universe as (1 + z)2. Thus
in models where reionization of the universe occurred earlier than
z = 6 (as expected from observations of quasar spectra) one would
not be able to explain the observed IGM temperature at z = 2− 3.
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Figure 7. Hydrogen column density in the free wind for a halo of mass
1011 M⊙. It is shown till the star formation lasts.
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Figure 8. The thermal energy density of the ionised IGM at mean IGM den-
sity with a temperature 104 K is shown by the solid line. In comparison, we
show the porosity weighted energy density of the cosmic rays as expected
from our atomic cooled models (dashed line) and molecular cooled models
(dotted-dashed line). Further, the data points with error bar are the energy
density of the IGM assuming the temperature of the IGM as measured by
Becker et al. (2011) (open diamonds) and Boera et al. (2014) (filled trian-
gles).
We need an additional heating mechanism to explain this temper-
ature floor. Several authors have suggested the late HeII to HeIII
reionisation by the harder quasar spectrum as the reason for this ex-
cess temperature (Furlanetto & Oh 2008; Bolton et al. 2009). Here
we discuss if excess CR energy from outflows can heat the IGM at
z = 2 to 3.
Note that wherever galactic outflows percolate, they carry
magnetic fields and cosmic rays in addition to metals. Thus, say
at z = 3 for models assuming PS mass function, 50% of the uni-
verse is filled by the outflows from molecular cooled halos (35%
for atomic cooled model) with ∼ 10 nano Gauss magnetic fields
(optimistic model) and excess average cosmic ray energy density
of 10−4 eV/cm3. With ST mass function for atomic and molec-
ular cooled models, respectively 65% and 41% of the universe
is filled with outflows and similar amount of magnetic fields and
excess average cosmic ray energy density. Note that in standard
model of structure formation, the outflow affected regions are ex-
pected to collapse to form filamentary structures at latter stages that
are likely to be detected as Lyman-α forests in the quasar spec-
trum. The cosmic ray particles (protons) gyrate along the magnetic
fields lines and generate Alfve´n waves by a streaming instability
(Kulsrud & Pearce 1969; Kulsrud 2004). These waves damp out
and transfer energy to the thermal gas. The rate of energy trans-
fer to the gas via the Alfve´n waves is given by |vA.∇Pc| where
vA = B/
√
4πρ is the Alfv´en velocity (ρ is the density of plasma)
(Wentzel 1971). The modulus is taken as in this process CRs al-
ways lose energy. Note that for ionised gas with temperature T the
thermal energy density is given by Eth = 3nHkBT , nH being
the number density of hydrogen and kB is the Boltzmann constant.
Thus, time taken to deposit cosmic ray energy of the order of ther-
mal energy is given by,
tcr =
3nkBT
|vA.∇Pc| .
Comparing this with the Hubble time tH at a given epoch we get,
tcr
tH
= H(z)
3nkBT
|vA.∇Pc| .
Putting in numbers we find,
tcr
tH
≈ 0.3
(
h
0.7
)4 (
Ωm
0.3
)1/2(
1 + z
4
)6(
T4
B10nG
)
×
(
3× 10−4eV/cm3
Ucr
)(
L
0.1 Mpc
)
. (20)
Here, T4 is the temperature in the unit of 10
4 K and B10nG is
the magnetic field in unit of 10 nano Gauss. Further we have nor-
malised this ratio assuming a typical pressure gradient scale of
a filament is L ∼ 0.1 Mpc (Schaye 2001) and cosmic ray en-
ergy density Ucr = 3 × 10−4 eV/cm3. Hence, if the IGM at
z = 3, has been polluted by outflows with B of 10 nano Gauss
and Ucr = 3× 10−4 eV/cm3, within 1/3rd of the Hubble time, the
CRs would dissipate energy to the thermal gas via Alfve´n waves,
increasing IGM temperature to 104 K. For even lower redshift, the
process is more efficient.
In Fig. 8 we have plotted the volume average cosmic ray en-
ergy density available from our outflow models and compared it
with the thermal energy of the ionised IGM of temperature 104 K.
We have also shown thermal energy of the Lyman-α forests with
temperatures as measured by Becker et al. (2011) and Boera et al.
(2014). It is clear that the average cosmic ray energy density around
z ∼ 3 (Ucr ∼ 10−4 eV/cm3) is much higher than the thermal en-
ergy density of the IGM with temperature 104 K, especially for
molecular cooled models. The porosity weighted CR energy den-
sity would be even higher. In the mildly overdense regions of the
IGM which produce Lyman-α forest Ucr can be enhanced fur-
ther by adiabatic compression to few times 10−4 eV/cm3. Mag-
netic field will also be enhanced due to flux freezing to few tens
of nano Gauss. Thus one can see from Eq. 20, that CRs can trans-
fer sufficient energy to the thermal gas within the Hubble time and
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potentially heat the IGM around z = 2 − 4 to a temperature of
∼ 104 K to erase the thermal signature of reionization. This con-
clusion would be more appropriate for molecular cooled models
where outflows volume filled the universe early in time.
Note that here we have considered CRs that are accelerated in
the inner shocks only. However, we have not considered the CRs
that can be generated in the terminal shock of the outflows as well
as in the structure formation shocks. Simulations predict cosmic
ray energy density of ∼ 10−5 eV/cm3 that can arise from structure
formation shocks with Mach number of few tens (Jubelgas et al.
2008; Pfrommer et al. 2017). Adding these sources of cosmic rays
would lead to more efficient heating of the IGM by cosmic rays.
6.3 IGM magnetic fields
As noted earlier, γ-ray observation of nearby blazars (with z ∼
0.1 − 0.2), have tentatively indicated a lower limit for mag-
netic fields in voids, BV ∼ 10−16 Gauss provided their coher-
ence length lB greater than about a Mpc (Neronov & Vovk 2010;
Tavecchio et al. 2011). For fields with much smaller coherence
scale, the lower limit increases as l
−1/2
B with decreasing lB . There
fields in voids could be primordial arising from processes in the
early universe (Durrer & Neronov 2013; Subramanian 2016, for re-
view).
However, by such low redshifts, all our models predict a
porosity of wind material greater than unity or volume filling fac-
tor greater than 0.6 for randomly distributed sources. This implies
that outflows could have percolated even in the void regions by
the present epoch. Further the porosity averaged value of the mag-
netic fields in our models are ∼ nano Gauss, and the radius of the
outflowing bubbles is of order Mpc. The coherence scale of the
fields could be smaller than this radius due to turbulent tangling.
And the field strength could be diluted further in outflows frozen
into the expanding IGM in voids. Nevertheless, the field strength in
our models are sufficiently large compared to BV , that it is highly
likely that they satisfy the constraints set by the γ-ray observations.
Thus magnetic fields inferred in the voids or in general IGM need
not be of primordial origin. Rather they could be of astrophysical
origin, generated/amplified in the star forming galaxies and trans-
ported from there to the IGM by the outflows created from the su-
pernova explosions. One caveat is that large-scale clustering could
result in a smaller volume filling of outflows in the void regions.
It would be of interest to therefore consider our outflow models in
more detail, in biased proto-void regions.
7 DISCUSSION AND CONCLUSIONS
In the present work, we have explored how cosmic rays could aid
in driving relatively cold outflows from high redshift galaxies, and
resulting global consequences. The primary sources of energy for
outflows are SNe in the high-z galaxies, and a fraction of this en-
ergy goes into cosmic rays. Outflows also cause a negative feed-
back on the star formation rate in a galaxy which can be especially
large in low mass galaxies. We show that even with such suppres-
sion, low mass galaxies can still drive an outflow in the presence of
cosmic rays.
Cosmic rays are accelerated in the SNe shocks and produce
cold free winds upto the inner shock and are then re-accelerated
there. These cosmic rays add extra pressure to the thermal gas that
can even drive a cold outflow. We find that outflows extend to tens
of kpc in dwarf galaxies with halo mass∼ 108 M⊙ before merging
with cosmological expansion, whereas massive galaxies with halo
of masses 1011 M⊙ have Mpc scale outflows. Cosmic ray driven
outflows can go to a larger radii compare to a purely thermally
driven outflow with same total energy input. This is because the
cosmic ray pressure decreases less rapidly compared to the ther-
mal pressure with adiabatic expansion (due to its softer equation of
state) and comes to dominate outflow dynamics at large radii.
We showed that these outflows could significantly volume fill
the universe with metals, magnetic field and excess cosmic rays. In
particular, at z = 3 for the ST mass function with molecular cooled
halos, 65% of the universe is filled with the outflowing gas along
with metals, magnetic fields of order 10−8 G and excess cosmic
ray energy density of ∼ 10−4 eV/cm3. All our models predict a
volume filling factor of order unity by z ∼ 0.
Further, we explore three implications of such outflows. We
argued that due to lower temperature and higher density of the free
wind as well as the bubble gas, the metals spread by the outflow
could be more easily detected as absorption line system. Low ioni-
sation metals such as Na I or Mg II are likely to be detected in gas
clouds embedded the free wind, whereas others like C IV or O VI
would come from the bubble or from pre-enriched IGM. Moreover,
we showed that the excess energy density in cosmic rays from these
outflows could be transferred efficiently enough to the thermal IGM
gas in presence of magnetic fields. This can potentially erase the
thermal history of reionisation and heat the IGM to a temperature
of order 104 K as inferred from quasar spectra. Finally, we find
that void magnetic fields of order 10−16 G as inferred from blazar
observation, need not be of primordial origin, but could be of astro-
physical origin generated in star forming galaxies and transported
by the cosmic ray driven winds to the voids.
Our models which estimate the global impact of outflows on
the IGM, at present do not take account of spatial clustering of
galaxies. In order to have more realistic scenario, it would be of
interests to put the cosmic ray driven outflows in numerical simu-
lation of structure formation.
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APPENDIX A: STAR FORMATIONMODELWITH
SUPERNOVA FEEDBACK
In Samui (2014), we discussed star formation models incorporat-
ing supernova feedback that are constrained by observations of UV
c© 2017 RAS, MNRAS 000, 1–16
Cosmic ray driven outflows 15
luminosity functions of Lyman-break galaxies in the redshift range
1.5 − 10 and the correlations found between star formation rate
(SFR), stellar mass and gas phase metallicity. Here, we broadly fol-
low the same prescriptions with some modifications that are needed
in order to get more accurate time resolved star formation rate in
the low mass galaxies that are likely to be important in spreading
metals into the IGM.
Consider a dark matter halo of mass M which virialises at
redshift zc and starts to accrete baryonic massMg(t). A total frac-
tion, f∗, of the accreted gas is assumed to be in the cold phase and
available for star formation. At a given time a portion of this cold
gas is locked up in low mass stars formed from previous episodes
of star formation. Further, massive stars explode as supernova after
a characteristic life time of tSNe ∼ 107 yrs, and inject energy and
momentum to the surrounding gas. A fraction of cold gas will then
leave the galaxy making it unavailable for subsequent star forma-
tion.
Taking these processes in to account, and assuming that the
instantaneous star formation rate, dM∗(t)/dt, of a galaxy is pro-
portional to its cold gas content, we have
dM∗(t)
dt
= ft
[
f∗Mg(t)−M∗(t)−Mw(t)
τ
]
. (A1)
Here τ is the dynamical time scale for the halo and ft governs
the duration of star formation activity in terms of this time scale.
FurtherM∗(t) is the stellar mass at any time t,Mw(t) is the mass
of cold gas lost in the wind and the numerator of Eq. A1 reflects the
cold gas mass still available for star formation. The time derivative
of Eq. A1 leads to
d2M∗(t)
dt2
=
ft
τ
[
f∗
dMg(t)
dt
− dM∗(t)
dt
− dMw(t)
dt
]
. (A2)
In order to solve for the star formation rate one needs to specify
both baryonic accretion rate and the mass loss rate of cold gas in
the outflow.
We assume that the baryon accretion rate in the central part of
galaxy, a time t after halo formation, goes as
dMg
dt
=
(
Mb
τ
)
e−
t
τ . (A3)
Here Mb is the total baryonic mass that would be accreted in the
halo and the characteristics time scale for accretion is taken to be
the dynamical time scale for the halo.
The mass outflow rate due to SNe explosion at time t is as-
sumed proportional to the star formation rate at an earlier time
(t − tSNe) (to take account of the delay between star formation
and resulting supernovae), i.e.,
M˙w(t) = ηwM˙∗(t− tSNe). (A4)
where over dot represents the time derivative. Depending on the
actual mechanism of the outflow, the proportionality constant ηw is
either∝ v−2c (energy driven/ cosmic ray driven outflows) or∝ v−1c
(momentum driven outflows) ; vc being the circular velocity of the
dark matter halo hosting the galaxy. Further, we showed in Samui
(2014) that a ηw ∝ v−2c is consistent with the amount of stellar
mass detected in low mass dwarf galaxies. We also show that in
presence of cosmic rays, the outflow never transits to a momentum
driven stage. Note that we will use the notation ηw = (vc/v
∗
c )
−α
with v∗c fixing the normalisation and different values of α indicating
the type of outflow.
Using Eq. A3 and Eq. A4 in Eq. A2 then gives
d2M∗(t)
dt2
=
ft
τ
[
f∗
Mb
τ
e−
t
τ − dM∗(t)
dt
− ηw dM∗(t− tSNe)
dt
]
.
(A5)
Note the explicit t dependence here. This is only true for t > tSNe.
For t ≤ tSNe we have no supernova feedback and then,
d2M∗(t)
dt2
=
ft
τ
[
f∗
Mb
τ
e−
t
τ − dM∗(t)
dt
]
. (A6)
In order to follow the star formation rate of individual galaxies
for t > tSNe, we solve the delayed differential equation (Eq. A5)
numerically. For t < tSNe, one can integrate Eq. A6 analytically
with the boundary condition that dM∗/dt = 0 at t = 0 and get
dM∗
dt
=
Mbf∗ft
τ [ft − 1]
[
e−
t
τ − e−ft tτ
]
. (A7)
Further, for simplicity we assume ft = 1 (as in Samui 2014) and
therefore
M˙∗(t) =
f∗Mb
τ
t
τ
exp
[
− t
τ
]
. (A8)
for t < tSNe. This evaluated at t = tSNe, also provides the initial
condition for the numerical solution of Eq. A5.
In Fig. A1 we show the resulting star formation rate of few
example galaxies with α = 2 and v∗c = 100 km/s. Further, we as-
sume f∗ = 0.5. Note this f∗ is not what is canonically referred to
as the star formation efficiency in literature. Rather, the total frac-
tion of baryons converted to stars in a galaxy over its lifetime would
be f∗/(1 + ηw). These representative samples are chosen to show
a range in the time evolution of the star formation rate that can
be envisaged in our models. For very low mass galaxies such as
the one with M = 108 M⊙, we see a complete suppression of
star formation once the wind starts after tSNe (solid red curve). In
these galaxies the mass outflowing rate or ηw is very high. The
star formation which happens within tSNe is enough to eject rest
of the gas from the shallow dark matter potential quenching fur-
ther star formation completely. Galaxies with slightly larger masses
(M = 5 × 108 M⊙) show periodic/episodic star formation activ-
ity (dashed blue curve). While ηw is not high enough to suppress
the star formation completely, it definitely lowers the star forma-
tion that causes a reduction in subsequent mass outflow as well.
This in turns increases the gas reservoir and hence the star forma-
tion, resulting a oscillating star formation mode in the galaxy. Note
that these two modes of star formation i.e. complete suppression
and episodic star formation would not have been seen in our model
unless we consider the delay of tSNe between star formation and
onset of outflows.
Larger mass galaxies (M = 109 M⊙) do not show such oscil-
lations in star formation but suppression due to outflows is clearly
noticeable (magenta dotted-dashed curve in Fig. A1). For very mas-
sive galaxies (i.e.M & 1011 M⊙), there is negligible suppression
of star formation. Due to deeper gravitational potential, the mass
outflow rate is small in those galaxies, hence there is no strong sup-
pression of star formation due to the wind feedback. Note that we
only consider α = 2 as we will show later that the outflows would
never be going to a momentum driven case in presence of cosmic
rays. Also the normalisation circular velocity v∗c = 100 km/s is
chosen because it reproduces various observations regarding high
redshift universe (see Samui 2014). These star formation models
are used to calculate the outflow properties in the main text.
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Figure A1. Time evolution of SFR for different galaxies; The halo mass
(M ) and the collapsed redshift (zc) are marked in the legends. We have
assumed α = 2, v∗c = 100 km/s.
APPENDIX B: SHOCK JUMP CONDITIONS IN
PRESENCE OF COSMIC RAYS
The shock jump conditions of two fluid models with one relativistic
component (γ = 4/3) and one non-relativistic component (γ =
5/3) were evaluated by Chevalier (1983). They are (Eqn. 5 to 8 of
Chevalier 1983),
ρ2 =
γs + 1
γs − 1ρ1 (B1)
v2 = R˙1 +
γs − 1
γs + 1
(
vw − R˙1
)
(B2)
Pb =
2(1− w)
γs + 1
ρ1
(
R˙1 − vw
)2
(B3)
Pc =
2w
γs + 1
ρ1
(
R˙1 − vw
)2
(B4)
γs =
5 + 3w
3(1 + w)
, (B5)
with w = Pc/(Pc + Pb). Here, subscript 1 and 2 are for pre-
shocked and post-shocked properties respectively. Further, we as-
sume that w remains constant across the shock. Adding, Eqn. B3
and Eqn. B4 we obtain Eq. 7. Putting w explicitly in terms of Pc
and Pb one can get Eq. 8.
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